Quarter-wave OLEDS are microcavity devices that can operate in the low finesse limit and achieve high efficiency (> 300 lm/W) by using interference to reduce the onset current for the transition to stimulated emission. In this work we study the transition to stimulated emission and compare the kinetics and electrical properties of conventional and quarter-wave devices. We show that suppression of spontaneous emission into the vertical mode can result in a sharp transition to stimulated emission at (γ/eV a ) I ∼ N SE /τ sp , where N SE /τ sp is determined by optical parameters, and we find a previously observed electrical signature for the transition where the excited state population becomes fixed at low current density. We then study the role of loss mechanisms in the quarter-wave configuration and conclude with some requirements for practical devices.
(QW) from the back mirror in a resonant cavity, for example, has zero amplitude for spontaneous emission into the vertical mode [12, 13] and inhibited spontaneous emission is associated with stimulated emission without inversion (SWI) at low current density. [14, 15] Once in stimulated emission, excited state populations and losses can be locked to fixed values determined by optical parameters, and efficiency can approach ideal limits. [16] But getting to stimulated emission can be difficult because of losses or material limits. [17] [18] [19] SWI has been reported in devices with high finesse cavities and materials with large Stokes shifts. [20, 21] The QW architecture offers a way to achieve SWI in a low finesse cavity, and at low current density, by reducing the photon threshold for the transition.
High efficiency at 318 lm/W with linear output was first observed in an OLED with an emitter located at one quarter-wave from a highly reflective cathode and with a distributed Bragg reflector (DBR) interposed between the ITO anode and substrate. [22, 23] In a second device, a design that was previously reported to produce 55 lm/W [24] was altered to locate the recombination zone at the quarter-wave position in a low-finesse cavity formed between a Ag top mirror and a simple ITO-glass interface. The modifications resulted in a device that produces 340 lm/W. [22] It was thought that orientation of the emitter [25] in the second device would obviate the need for the DBR. Later work indicated that the emitter is isotropic [26] and revisiting earlier data we found that the central wavelength emitted by the DBR fitted QW device matches a cavity formed by the interface after the transparent anode before the DBR. Thus it appears that the effect does not depend on a constrained mode space and does not require an elaborate or high finesse cavity.
Since the proposed effect operates in the interaction between optical boundary conditions and excited state kinetics, and towards the goal of designing devices that exploit the effect, we have undertaken a study of QW and conventional OLED behaviors in spontaneous and stimulated emission as limiting cases and in the transition to stimulated emission. We report here the results of our analyses and describe some requirements for achieving stimulated emission in a QW device.
II. THEORY OF OLED DEVICES
Processes in a generic single component emitter in an OLED [27] are shown in FIG. 1. Charge carriers recombine to form a statistical mixture of excited state species, which then relax, undergo intersystem crossing, or interact with each other or with charge. Losses in this model include nonradiative relaxation, singlet-triplet quenching, triplet-triplet quenching, singlet-singlet quenching and charge quenching. Light production processes include spontaneous emission which is propor-tional to terms of form N/τ sp and stimulated emission which is proportional to terms of form gP N , where N is an excited state population and P is photon density and where there is not significant overlap in the absorption and emission spectra. The stimulated process can be much faster and alter the kinetic description of the system. Our task is to understand performance in these two regimes and the conditions for achieving stimulated emission controlled kinetics. Empirically, we expect that the requirements include that any asymptote or local maximum in the system occurs above this transition, and that current and charge density remain small through the transition. In the following, Section II A describes limiting case behaviors and the transition to stimulated emission in a two level model, Section II B derives an electrical behavior at the transition that was observed in QW devices, Section II C describes the contribution to onset current and performance by second order and charge quenching losses, Section II D treats intersystem crossings and losses in a three level model, and Section II E describes numerical evaluations for a realistic system in three configurations and with different phosphorescent lifetimes.
A. Two level emitter
Our analysis begins with an idealized electroluminescent microcavity device with a single excited state and well separated emission and absorption lines. The initial processes will include charge recombination and dissociation, non-radiative relaxation, spontaneous emission and stimulated where the charge species e and h are supplied by charge injection and transport across the adjacent layers. Rate equations for charge n, excited state N and photon P densities can be written as, [28] 
where I is current, γ is the fraction of current that recombines to form excited states, e is the unit charge, V a is the volume and K eh is the rate constant for charge recombination with units chosen such that the ground state population N 0 can be written as N 0 = 1 − N , K d is the rate constant for charge dissociation from the excited state molecule, τ sp is the spontaneous emission lifetime, τ nr is the non radiative lifetime, g is the rate coefficient for stimulated emission, χ is the fraction of photons from spontaneous emission that enter the vertical mode, and τ cav is the lifetime in the vertical mode of the cavity. Considering all of the modes of the device, χ = f k ′ / k f k where f k is the cavity enhancement factor for mode k and k ′ is the vertical mode. Setting k f k = 1, means that 1/τ sp is the spontaneous emission rate in the cavity rather than the free space value. [8] Adding the rate equations we obtain
The term on the left represents current injection, the first term on the right represents non-radiative first order losses, the second represents radiative losses to modes outside of the vertical mode, and the last term is the light output from the device from its vertical mode.
The geometry for a planar microcavity device with a thin emitter layer is illustrated in FIG. 2 .
In a resonant vertical mode k ′ where one end of the cavity is totally reflective (R 1 = 1), f k ′ depends on position as, [12, 13] 
where x(λ k ′ ) is the optical distance between the emitting region and mirror. The amplitude for
Stimulated emission is not attenuated at the quarter wave position because the emitted photon is in phase with the stimulating photon. [29] In a standing wave mode, the stimulated emission rate follows the local field so that, [30] [31] [32] 
FIG. 2: Microcavity device with optical length L. The back mirror is at the cathode-transport layer interface.
The exit mirror is at the semi-transparent anode-glass interface. A thin emitting region is located at optical length x from the back mirror. For an emitter at x = (2n + 1)λ/4, emission to the left is reflected from the mirror and cancels emission to the right.
In typical emitter materials, recombination occurs in a region of width w r /d ∼ 4µ e µ h /(µ e +µ h ) 2 centered at x r /d ∼ µ h /(µ h + µ e ) from the hole injection side within the emitter layer, where µ q with q ∈ e, h are the carrier mobilities and d is the thickness of the emitter layer. [33] Emission occurs within exciton diffusion length of the recombination event.
Two further properties of the cavity are of interest: the lifetime for a photon to exit the vertical mode τ cav = 2L(λ)/c(1 − R), and the linewidth ∆λ/λ = (1 − R)/2π. For a one wavelength low finesse cavity (small R), τ cav ∼ 4 × 10 −15 sec for λ ∼ 500 nm.
In equation (4) we find two limiting case behaviors. The first is when χ/τ sp >> gP , for example when the emitter is located at a half wave point in a high finesse cavity or when P is small. Light output is then proportional to the excited state population
the excited state population is proportional to current,
where τ ′ = 1/τ nr + 1/τ sp , and the external quantum efficiency equation is
where L sp = V a P sp /τ cav is the light output from the vertical mode and φ = τ ′ /τ sp is the internal quantum yield for radiative relaxation. This is the classic formula for efficiency sans the singlettriplet factor. [34] The second limiting case is when gP >> χ/τ sp , either at high output or with the emitter at the quarter wave position where χ ∼ 0. Then, the excited state population is constant,
and light output is equal to electrical input minus a constant.
where α SE /V a = N SE /τ ′ . As power is increased, efficiency approaches an asymptote at γ/e. If there is a small overlap in the absorption and emission spectra within the bandwidth of the cavity, N SE is replaced by N SE + N ′ 0 and the asymptotic efficiency is still γ/e. The transition region between the two limiting cases provides some important insights. In the general case, when N SE = (g τ cav ) −1 ≤ 1 the relationship between light and the excited state population is,
the relationship between current and excited state population becomes,
and the relationship between current and light is
We learn from equation (13) that the physical solution is where N approaches N SE from below as current goes to infinity. Similarly, from equation (14) , the transition to stimulated emission is controlled by χ and N SE /τ ′ . As χ → 0, the transition becomes sharp with an onset current at (γ/eV a ) I ∼ N SE /τ ′ . The Einstein A/B relationship gives us g ∝ cλ 2 /4τ sp [35] and therefore (2) and equation (14) . Charge density is not sensitive to χ, but in these units, decreases with N SE .
For a QW device with τ cav ∼ 10 −15 the onset current is order of 1 mA/mm 2 . In a device with χ 0.2, the current required to approach within 99% of N SE can be higher by a factor of 10 4
in real units. [18] Since charge density increases with current, charge quenching losses may become significant and push the approach to N SE to still higher current. Charge density in the spontaneous emission case is found from equation (3) in terms of the excited state population as,
and in terms of current as,
where 1/τ ′ = 1/τ sp + 1/τ nr . The infinity is avoided for N < N SE < 1 or by including loss terms.
In stimulated emission, charge density can be related to light as
or to current as
Voltage in all cases is proportional to charge density through an effective capacitance,
where n = q/volume, and V is the voltage across the emitter layer. [36] Maximum output at this stage in our analysis might be defined in terms of a limiting charge n lim or voltage above which the device might suffer an irreversible change. In the spontaneous emission region,
and for stimulated emission,
Electrical characteristics are discussed in more detail in section II B.
Properties in the limiting case regimes of spontaneous emission and stimulated emission with losses to first order, are summarized in Table I . We can characterize spontaneous emission as having output proportional to the excited state population and efficiency limited by outcoupling and internal losses. Stimulated emission is characterized by the excited state population being constant while efficiency approaches γ/e. The emitter layer can be viewed as two capacitors in series 1/C ′ = 1/C e + 1/C h where C ′ is the geometric capacitance of the layer and, C e,h = (3/4)ǫ/x e,h and x e,h /d = (µ e,h /µ h + µ e ) are the capacitances and widths of two adjacent regions, ǫ is the dielectric constant, d is the total thickness of the layer and µ q are the charge carrier mobilities. [36] Then,
where V is the voltage drop across the layer and q h and q e are the charge in each region. Charge carrier mobilities also enter into the kinetic rate constant for recombination, [37] 
Substituting this into equation (2), and assuming low current with N ∼ 0, gives us the Mott-Gurney current-voltage relationship
where J is current density and the carrier mobilities follow a Poole-Frenkel law,
These are well studied behaviors in OLEDS. [38] [39] [40] [41] We are interested in the current-voltage behavior at small finite N = 0 where N changes with current density and then becomes fixed after the transition. In spontaneous emission, from equation (3) we can write N in terms of n
and for small n we can use the approximation N ∼ K eh τ ′ n 2 . Then, substituting this into equation (2) we have We write this in terms of the mobilities and Poole-Frenkel dependence using equation (25) and equation (27) ,
where
The coefficient α is found from I-V data by graphing log I/V 2 versus √ V . For spontaneous emission, we expect log
The second term is small and the graph of log(I/V 2 0 ) versus √ V will approximate a straight line with slope 2α.
In stimulated emission N = N SE is constant so that
and for our M-G plot we have
Graphing log(I/V 2 0 ) versus √ V we find a slope of α for stimulated emission. Therefore, for a transition from spontaneous emission to stimulation emission at low power we expect a factor of two change in the Poole-Frenkel coefficient. The step seen in the L-I-V graph at the transition, might be explained by loss terms and the different forms of the charge current relationship in spontaneous emission (equation (17)) compared to stimulated emission (equation (19)).
C. Annihilation, bleaching and roll-off
We now add higher order processes to our model. Self quenching processes such as triplettriplet annihilation (TTA), are described as second order in excited state species and can account for behaviors where efficiency decreases while output increases, both monotonically. [42] . Behaviors where efficiency roll-off is accompanied by a plateau or roll-off in output, are also known. [43] [44] [45] Asymptotic output can be produced in principle by polaron quenching, or by singlet-triplet annihilation, as will be discussed in II D. Output roll-off within the operating range of the device, seems to require a new loss mechanism which will be described here. We continue with units chosen such that there is one molecule per unit volume so that N 0 + N = 1, and for numerical evaluations we set τ sp = 1 which gives us approximately ns and nm 3 for typical materials. [46] We begin with second order losses in the excited state, as in triplet-triplet (TTA) or singletsinglet (SSA) annihilation. [42, [47] [48] [49] Steady state solutions for n and N give us
and for spontaneous emission the relationship between light and current becomes
At high output L ∝ I/K T T while efficiency falls off as 1/ √ I, [42] and the charge limited output
Output is linear in current, efficiency increases toward an asymptote at γ, and the onset current is incremented by the loss term evaluated at the transition. The transition to stimulated emission is found explicitly by starting with the general case solution where χ = 0, g = 0 and N SE < 1, Losses in the form nN , described as charge or polaron quenching, [42, 48, 51] can be represented schematically as
Rate equations for n, N and n * are
For spontaneous emission with polaron quenching, the light current relationship is then
From equation (41), n ∼ (γ/eV a ) I/K eh , and so attenuation builds as 1 + K n τ ′ √ I. We verify that there is no local maximum by first solving equation (42) for N as a function of n,
and find that dN/dn > 0. Then substituting equation (45) into equation (41) we obtain
and find that dI/dn > 0. Therefore, dN/dI > 0 and output increases monotonically, while efficiency decreases monotonically. The infinity in charge is avoided for N SE < 1 after which the system transitions to stimulated emission. Instead we consider a finite maximum charge density, and then equation (45) gives us a limit on the excited state population as,
With K n similar in order of magnitude with K eh , [50] N max can be much larger than N SE .
For stimulated emission with polaron quenching, the light-current relationship is found to be
Output is approximately linear since the loss term is scaled by N SE and grows slowly.
Output and efficiency for spontaneous emission and stimulated emission with nN quenching are shown in FIG. 8. The curve for the spontaneous emission case is generated parametrically from equation (45) and equation (46) . K n values in the range used here have been reported for a few materials. [52, 53] The losses are greater than those produced by TTA. The stimulated emission device shows linear behavior with a slightly lower approach to the asymptote in efficiency. The transition to stimulated emission is again found in the general solution,
The increment in the onset current is K n τ ′ N SE /K eh τ ′ . FIG. 9 shows the result of evaluating equation (49) at several values of χ with K n = 10. As χ approaches zero, the transition again becomes sharp and moves to lower current. Charge quenching increases with current and is thought to pose a challenge to reaching stimulated emission in conventional devices. [19, 50, 53] We now consider a perhaps hypothetical loss mechanism that exhibits a maximum at finite current. The mechanism is represented schematically as
where N 2 is the population in a second excited state and the process might be described as recombination bleaching. Charge build-up on emitter molecules has been reported [54] and higher excited states are accessible in molecules similar to some used in OLEDS. [55] The rate constant could vary with applied voltage as exp[−∆E/V], where ∆E is the energy increment to form the second excited state. We will take this as constant for the present analysis.
Rate equations including the n 2 N loss term are written as,
and for spontaneous emission the relationship between current and light is
The bleaching interaction appears as an attenuation with second order dependence on charge. The excited state population N as a function of n, is found from equations (53) and (54),
and the charge-current behavior is obtained from equation (52),
From equation (56) it is found that N sp has a maximum at
and so,
which moves to lower charge density for longer lifetime emitters. Maximum output is
which is reduced with longer lifetime emitters.
For stimulated emission, light output as a function of current is
The loss terms are scaled by N SE and output is approximately linear in current. The charge-current behavior for stimulated emission is
and the charge-light behavior is
which has a maximum at
For small N SE , the first term becomes large and the maximum in charge density is raised far above practical operating conditions. Output at the maximum is
But more likely, output will be charge density limited at P SE /τ cav K eh n 2 lim . The general solution in the transition region is
and again, the loss term does not significantly alter the behavior as χ → 0 when the n 2 term is small in the region of the transition . FIG. 11 shows the onset behavior under conditions similar to those in the FIG. 10 , the effect on the transition is minimal. Behaviors of higher order loss mechanisms are summarized in Table II . The losses discussed so far do not preclude the transition to stimulated emission for χ ∼ 0 and the increments in the onset current are small for rate constants in the range of reported values. However, in some materials the rate for intersystem crossing can be large compared to 1/τ ′ , as discussed in the next section. molecules with ∆E S T < 100 meV and K risc ∼ 10 7 /s at room temperature. [58] [59] [60] [61] . This creates a large space of interesting devices. In our numerical evaluations we will consider three notional devices, one with a fast ISC emitter, one with a high gap (700 meV) slow ISC emitter, and one with a low gap (35 meV) slow ISC emitter.
Excited state production and loss by charge recombination and dissociation, is represented schematically as
where S 0 represents the ground state. The two excited state populations are connected by intersystem crossings,
and each excited state can relax non-radiatively, or by spontaneous or stimulated emission into any of the allowed modes,
where P kx represents a photon produced into mode k from state x ∈ S, T . The rate equation for charge density is
where 
where η S/T is the fraction of recombination events leading to singlets, τ nr S is the lifetime for nonradiative relaxation, τ sp S is the lifetime for spontaneous emission, f k S is the cavity factor for mode k with k S f k S = 1, and g k S is the stimulated emission rate constant. Rate equations for photon production and loss in each of the optical modes are written as,
where τ kx is the cavity lifetime for mode k x and the equations are repeated for all of the modes in the device. Light is coupled to the outside through a vertical mode k ′ x . Applying steady state conditions and adding the rate equations, we obtain
The recombination current is balanced by non-radiative relaxation and production of photons in all of the allowed modes.
For spontaneous emission in both the singlet and triplet, the steady state solutions are
and the light-current relationship becomes,
with
/τ spx and 1/τ ′ x = 1/τ nrx + 1/τ spx . Equations (75) can be solved to obtain the ratio of singlet to triplet excited state populations,
and light-current relationships for the singlet and triplet can then be obtained as 
With the linear processes present, the fluorescence/phosphorescence yield ratio is generally not equal to the singlet/triplet ratio, and the singlet/triplet ratio is generally very different from η S/T /(1 − η S/T ). When higher order loss terms are included, the relationship between singlet and triplet populations, or outputs, will be a function of current, or charge.
For stimulated emission in the singlet state, the rate equations become
where we have introduced the quantities
η T /S = 1 − η S/T , and [S * ] (SE) = (g k S τ k S ) −1 is the singlet excited state in stimulated emission and is constant. The light-current relationship for the singlet in stimulated emission is then
while output from the triplet becomes
where φ T = τ ′ T /τ sp T . The equation for the complimentary case with the triplet in stimulated emission is
while output from the singlet becomes
In each of the singlet and triplet, crossing from the other contributes to efficiency and reduces the offset current in stimulated emission. Fast intersystem crossing in a high gap emitter for example, can be expected to achieve near 100% efficiency in the triplet in stimulated emission.
The transition to stimulated emission is again found in the general solution,
The onset current at χ S ∼ 0, for the singlet to reach stimulated emission with the triplet still in spontaneous emission, is
Similarly, the onset current for the triplet to reach stimulated emission at χ T ∼ 0 with the singlet still in spontaneous emission, is
For the singlet, a fast intersystem crossing rate can produce a large onset current, but in a low gap device this can be offset by the reverse rate scaled by the longer lifetime of the triplet. Onset current for the triplet will generally be small. nel contributes to the singlet excited state population,
When both the singlet and triplet states are in spontaneous emission, the steady state solutions are where
term appears as a loss in the triplet and as a source in the singlet. Eliminating [T * ] 2 from equations (89) gives us
We then obtain relationship between current and the excited state populations in spontaneous emission as,
where β I , β T and β S are the expressions inside the parentheses in equation (90). The light-current relationships are
where Γ S/I is the ratio of the two square brackets in equation (91). Examining the coefficient expressions in detail, we see the expected contributions from intersystem crossing in each direction and the contribution from the singlet producing channel of the annihilation mechanism. The leading term in each is of course η S/T or η T /S , but the overall coefficient is very different from these quantities. We note that the TTA mechanism produces only monotonically increasing output and no asymptote in the spontaneous emission limit.
With the singlet in stimulated emission, the steady state solutions are
The relation for current and light output from the singlet are,
The relation for current and the triplet population is
Efficiency in the singlet is η S/T plus contributions from the singlet channel in TTA and from reverse crossing. In the triplet we see the expected square root dependence as power is increased,
For stimulated emission in the triplet, the steady state solutions are,
and the excited state and output relations are
and
With the triplet in stimulated emission both outputs are linear, and with singlet production from TTA or reverse crossing in a low gap emitter, efficiency in the singlet can exceed η S/T χφ. In triplet-singlet annihilation (TSA) both the singlet and the triplet are consumed. The mechanism is represented schematically as
In spontaneous emission, the steady state solutions are
and we find relationships between current and excited state populations as,
For small excited state populations, the behaviors are quadratic. We see that the singlet has an asymptote,
which is generally order of (1/τ ′ T )/K T S and larger than [S * ] SE . So, we expect that TSA will typically not prevent a QW device from reaching stimulated emission. For stimulated emission in the triplet, the steady state equations are and solving for the light current relationship we obtain,
We see that the singlet becomes linear when the triplet has reached stimulated emission and that efficiency increases and the offset current is reduced by crossing from the singlet. For the case where the singlet is in stimulated emission we obtain,
and we see that the K T S loss mechanism reduces efficiency in the singlet. In a low gap emitter the Summarizing this section, we see that intersystem crossing is important in determining which of the singlet and triplet can reach stimulated emission with a small onset current, and in stimulated emission with a low excited state population the losses become insignificant. TSA introduces an asymptote, but it will typically be greater than the excited state population required for stimulated emission. 
E. Numerical Evaluations
In the preceding analyses we have considered processes in OLED emitters individually. We now combine the known processes and write a more comprehensive set of rate equations [50] which we solve numerically. Results are shown for our limiting cases and notional devices and then for a known emitter in conventional and QW configurations using realistic coefficients for spontaneous and stimulated emission, crossings, dissociations, and losses. Rate equations for charge and excited In FIG. 24 we show results using rate constants similar to those reported for Alq3 [65] [66] [67] .
Where a rate constant for a process has not been found in the literature, a typical value typical is used. [50] This is a challenging emitter because its intersystem crossing rate is ∼ 20 times faster than its fluorescence (17ns), which contributes to low yield from the singlet and increases its onset current, and because its slow phosphorescence (15ms) attenuates output from the triplet and increases its excited state population for stimulated emission. the spontaneous emission rate, the onset current is determined by optical parameters. This is in contrast to architectures where emission into the cavity is enhanced and stimulated emission is approached asymptotically with no clear threshold. In our analysis of electrical properties we find a previously observed behavior that may be a signature of the transition to stimulated emission at low current density (∼ 1mA/mm 3 ). In studying loss mechanisms in OLEDS we have proposed a charge bleaching mechanism that may explain output roll-off as distinct from efficiency roll-off, both of which are known in OLEDS. Apart from fast ISC, we have not found any loss mechanisms that prevent the transition to stimulated emission in typical materials in the QW architecture. We plan further experimental work and we are extending the model to treat multi-component emitters.
We are optimistic that the QW architecture will provide a practical route to useful high efficiency devices.
